1. Introduction {#sec1}
===============

Obesity is one of the most serious and escalating public health problems affecting all age and socioeconomic groups in developed as well as developing countries. In 2014, the World Health Organization reported that over 1.9 billion adults (39%) were overweight and more than 600 million adults (13%) were obese \[[@B1]\]. Obesity is associated with an increased risk and mortality rate for many serious diseases like type 2 diabetes, coronary heart disease, stroke, osteoarthritis, and several cancer types, like breast, kidney, liver, and colorectal cancer \[[@B1]--[@B3]\]. It has been established that up to 20% of all cancers can be contributed to obesity, including colon cancer, which is one of the prevalent forms of cancer worldwide \[[@B4], [@B5]\]. Recent studies had shown that with each five kg increase in body weight gain the colon cancer incidence was enhanced by 6% \[[@B6], [@B7]\]. In addition, high body mass index (BMI) in colon cancer patients was associated with an increased mortality rate \[[@B3], [@B8]\]. Although some obesity-related metabolic factors like adipocytokine levels, insulin resistance, intestinal microbiota, and chronic inflammation are believed to relate obesity and cancer, the underlying pathophysiological mechanisms linking obesity and cancer still remained unresolved \[[@B9], [@B10]\].

Natural killer (NK) cells are a major component of the innate immune system rapidly responding against virus-infected and tumor cells. On the one hand, NK cells mediate their antitumor response by direct cellular regulation of target cell activity via activating and inhibitory receptors as well as induction of target cell lysis via exocytosis of granzymes and perforin. On the other hand, NK cells activate the adaptive immune system by secreting different cytokines, like interferon-*γ* (IFN-*γ*) and tumor necrosis factor *α* (TNF-*α*), in order to regulate tumor progression and metastases \[[@B11]\].

Previous animal experiments demonstrated that NK cell functionality is disturbed in obesity \[[@B12]--[@B14]\]. The decreased NK cell activity was associated with an impaired leptin-dependent signal transduction in NK cells in obese rats \[[@B15]\]. Corresponding to animal experiments, studies on human individuals similarly showed a NK cell dysfunction in obesity \[[@B16]--[@B18]\]. Interestingly, the disturbed NK cell functionality could be ameliorated by transfer of NK cells to a normal weight metabolic environment in rats \[[@B19]\]. Furthermore, the altered NK cell activity could be reactivated after weight loss and fat mass reduction after bariatric surgery or a combined exercise and dietary program \[[@B20], [@B21]\].

Obesity is associated with increased plasma leptin concentrations of 30--40 ng/mL compared to 5--10 ng/mL plasma leptin concentrations in normal weight individuals \[[@B22], [@B23]\]. Recent studies had demonstrated that the NK cells express leptin receptors \[[@B15], [@B24]\]. In addition, expressions of leptin receptors on NK cells as well as postreceptor leptin signaling cascades were found to be impaired in obesity \[[@B15], [@B18], [@B24]\]. These data indicate a direct association on adipocytokine-mediated effects on NK cell functionality.

As the biological mechanisms for the elevated cancer incidence in overweight individuals still remained unclear, the aim of this study was to characterize the relationship between an altered NK cell functionality and the increased colon cancer risk in obesity.

2. Material and Methods {#sec2}
=======================

2.1. Cell Lines and NK Cell Isolation {#sec2.1}
-------------------------------------

Human colon adenocarcinoma DLD-1 cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS, both from Biochrom AG, Berlin, Germany), 100 U/mL penicillin, and 100 mg/mL streptomycin (both from Sigma-Aldrich, St. Louis, USA). The human NK cell line NK-92 was kindly provided by Prof. Dr. Roland Jacobs (Hannover Medical School, Hannover, Germany). Human primary NK cells were isolated from leukocyte filters obtained from the Institute for Transfusion Medicine, University Hospital, Halle (Saale), Germany. Peripheral blood mononuclear cells (PBMCs) from enriched leukocytes of buffy coats were separated by density gradient centrifugation on biocoll separating solution (Biochrom AG). Primary human NK cells were purified by negative magnetic separation using an NK cell isolation kit (Miltenyi Biotec, Auburn, CA, USA), according to the manufacturer\'s protocol. Isolated NK cells and NK-92 cells were cultivated in RPMI 1640 medium supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomycin, 1 mM sodium pyruvate, 2 mM L-glutamine (both from Biochrom AG), and 200 U/mL human recombinant interleukin- (IL-) 2 (Novartis AG, Basel, Switzerland).

2.2. Leptin Incubation, Cytotoxicity Assays, and IFN-*γ* Secretion of NK Cells {#sec2.2}
------------------------------------------------------------------------------

For molecular investigations, NK-92 cells either remained unstimulated or were preincubated with 10 ng/mL (physiological concentration in normal weight individuals) and 100 ng/mL (pathophysiological concentration in obese individuals) recombinant human leptin (R&D Systems, Minneapolis, MN, USA) for 4 h or 24 h. Cells were collected and stored at −80°C until analysis. The cytotoxicity of NK cells was analyzed using the DELFIA EuTDA Cytotoxicity kit (PerkinElmer, Waltham, MA, USA) according to the manufacturer\'s manual. NK-92 cells as well as primary NK cells served as effector cells and DLD-1 cells served as target cells. NK effector cells either remained unstimulated or were preincubated with 10 ng/mL and 100 ng/mL recombinant human leptin for 4 h or 72 h. To determine the cytotoxicity, NK cells were coincubated with DLD-1 cells for 1 h in RPMI 1640 medium supplemented with 10% FBS. Fluorescence data were recorded using a time resolved fluorometer (Synergy Mx, BioTek Instruments, Winooski, VT, USA). Remaining supernatants of the cytotoxicity assay were collected for IFN-*γ* analyses by luminex immunoassay (eBioscience, Frankfurt am Main, Germany). In both incubation experiments with leptin as well as cytotoxicity assays including analyses of IFN-*γ* secretion, the incubation medium of NK-92 and primary NK cells contained 200 U/mL IL-2.

2.3. Animal Experiments {#sec2.3}
-----------------------

Six-week-old male Wistar rats (*n* = 50) were obtained from Charles River GmbH (Sulzfeld, Germany) and were housed individually on a 12 : 12 light : dark cycle with free access to water and pelleted food. After an acclimatization period of one week, rats were randomized into two groups. One group (*n* = 25) received a normocaloric diet (control, 4% fat, C1090-10, Altromin, Lage, Germany) and the other group (*n* = 25) a high-fat high caloric diet (diet-induced obesity, DIO, 34% fat, C1090-60, Altromin) for 46 weeks. Eight weeks after start of feeding, eleven animals of each group were treated with azoxymethane (AOM; s.c. 15 mg/kg body weight; Sigma-Aldrich) to induce colon cancer growth in animals of the AOM groups or a subcutaneous control injection of 0.9% NaCl once a week for two weeks. Daily intake of energy, fat, protein, and carbohydrate was calculated using the daily food intake and data of diet composition given by the manufacturer (Altromin). 37 weeks after the last AOM injection, animals were anesthetized with isoflurane, final body weight was determined, and blood was sampled by heart ventricle puncture. Visceral (epididymal, mesenteric, and omental) fat mass was calculated and tissue samples of liver and spleen were preserved. The large intestine (from cecum to anus) was opened longitudinally and divided into two equal segments (proximal and distal). Colon was washed free of contents with ice-cold saline and pinned on a cork mat to examine for macroscopically visible tumors. Localization, size, weight, and distribution of all tumors were recorded. Tumor-bearing areas were excised and embedded in paraffin. All research and animal care procedures had been approved by the local Animal Care Committee.

2.4. Definition and Classification of Colon Tumors {#sec2.4}
--------------------------------------------------

Paraffin sections (5 *μ*m) of colon tumors were obtained and stained with hematoxylin and eosin. Tissue sections were analyzed in blind and classified according to histologic grade by an expert pathologist. Colon tumors induced by AOM were classified as adenomas or adenocarcinomas. Adenomas were defined histologically as lesions in which neoplastic cells were confined to the mucosal layer, while adenocarcinomas were defined as lesions in which neoplastic cells had penetrated the muscularis mucosa to involve the submucosa or deeper layers.

2.5. PBMC Isolation and Flow Cytometric Analysis {#sec2.5}
------------------------------------------------

Rat blood PBMCs were separated by density gradient centrifugation as described above. Fluorescence-activated cell sorter (FACS) analyses were performed as described earlier \[[@B21]\]. The following mouse anti-rat antibodies were used: CD3 APC, CD4 PE-Cy 7, CD8a PE, CD45RA FITC, and CD161a PE (BD Biosciences, San Diego, USA). NK cells were represented by CD161a^bright^/CD3^−^ lymphocytes. Cells were measured with a LSR-Fortessa FACS analyzer and data were analyzed using BD FACSDiva Flow Cytometry Software (BD Biosciences).

2.6. Analysis of Serum Metabolites and Plasma Cytokines {#sec2.6}
-------------------------------------------------------

The serum metabolites triacylglycerol, total cholesterol, low-density lipoprotein (LDL) cholesterol, and high-density lipoprotein (HDL) cholesterol were measured by a standard autoanalysis technique (Beckmann Coulter DxC 800 System, Beckman Coulter GmbH, Krefeld, Germany). Plasma concentrations of the cytokines leptin, TNF-*α*, interleukin- (IL-) 10, und IL-1*β* were quantified using a Multiplex Immunoassay (eBioscience) following the manufacturer\'s instructions. Data were analyzed using the Procartaplex-analyst 1.0 software (eBioscience).

2.7. Molecular Analysis {#sec2.7}
-----------------------

Total RNA of frozen spleen and liver tissue as well as NK-92 cells was extracted using Precellys 24 (Peqlab, Erlangen, Germany) and a Trizol-based extraction method (Sigma-Aldrich) according to the manufacturer\'s instructions. The RNA was quantified and its integrity was checked by agarose gel electrophoresis. After DNase treatment (Promega, Madison, WI, USA), cDNA synthesis was performed by reverse transcriptase reaction according to the supplier\'s instruction (Thermo Fisher Scientific Inc., Waltham, USA). The mRNA concentrations of genes were measured by real-time polymerase chain reactions (iQ5, BioRad, München, Germany) using SYBR® Green Fluorescein Mix (BioRad). Specific primers and sequences are listed in [Table 1](#tab1){ref-type="table"}. For normalization of target gene values, the housekeeping genes Ppia (peptidylprolyl isomerase A, cyclophilin A for spleen and liver tissue) and (*β*-actin for NK-92 cells) were used as a reference throughout the experiments. The relative mRNA concentration was calculated using the ΔΔCt method \[[@B25]\] and individual amplification efficiency for each primer, determined by a standard curve with different primer dilutions.

2.8. Immunohistochemical Analyses {#sec2.8}
---------------------------------

For characterization of NK cells in spleen and liver, 14 *μ*m thick cryostat sections were cut and placed on glass slides. Every third section was selected for immunohistochemical analyses performed with the alkaline phosphatase antialkaline phosphatase technique as previously described \[[@B15]\]. The primary mouse anti-rat antibody directed against the NK-RP1 receptor (CD 161, clone 10/78, AbD Serotec, Puchheim, Germany, 1 : 1000) was used. The sections were stained with Fast Blue (spleen) or Fast Red (liver; Fast Blue/Red TR Salt; Sigma-Aldrich), counterstained with hematoxylin (Mayer\'s hemalaun solution; Merck, Darmstadt, Germany) for 15 s, and mounted in glycergel (Dako Cytomation, Glostrup, Denmark). For the quantitative analysis in the liver and spleen of six animals per group, five sections and eight visual fields per section were examined for each animal (resulting in 38,4 m^2^ investigated area/group/organ). In the spleen sections, four visual fields in the red pulp and four fields in the transition zone between white and red pulp were selected. The quantitative immunohistological analyses were performed blinded to the treatment conditions using the Image J software (US National Institutes of Health, Bethesda, MD, USA).

2.9. Statistical Analysis {#sec2.9}
-------------------------

Statistical analyses were performed using unpaired *t*-test for cell incubation experiments or one-way ANOVA with the Tukey multiple comparison test for post hoc analysis for animal experiments. To analyze the effect of AOM treatment and the high-fat diet independently from each other on the different parameters, two-way ANOVA was applied. Differences were considered significant if *P* \< 0.05. The software used was GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, USA).

3. Results {#sec3}
==========

3.1. Cytotoxicity Assay and IFN-*γ* Secretion of NK-92 and Primary Cells {#sec3.1}
------------------------------------------------------------------------

To analyze the cytotoxicity of NK cells against colon tumor cells under the influence of leptin, europium release assays were performed using the NK-92 cell line or primary human NK cells as effector cells and DLD-1 cells as target cells. Primary NK cells showed a significantly higher cytotoxic potential against DLD-1 cells compared to NK-92 cells ([Figure 1(a)](#fig1){ref-type="fig"}). In contrast, IFN-*γ* secretion was significantly lower in primary NK cells compared to NK-92 cells when coincubated with DLD-1 cells ([Figure 1(d)](#fig1){ref-type="fig"}). Results of cytotoxicity assay demonstrated that leptin incubation (10 ng/mL and 100 ng/mL) for 72 h of both NK-92 cells and primary NK cells reduced the specific lysis of DLD-1 cells (Figures [1(b)](#fig1){ref-type="fig"} and [1(c)](#fig1){ref-type="fig"}). These effects were predominantly significant after incubation with 100 ng/mL leptin. Interestingly, IFN-*γ* secretion was not influenced by leptin incubation in NK-92 cells coincubated with DLD-1 cells ([Figure 1(e)](#fig1){ref-type="fig"}), whereas IFN-*γ* release of primary NK cells was significantly lower by leptin incubation compared to the unstimulated control ([Figure 1(f)](#fig1){ref-type="fig"}). In addition, experiments with short-term leptin incubation resulted in similar results: the cytotoxicity of NK-92 and primary NK cells against DLD-1 cells was significantly decreased by leptin incubation for 4 h. This was accompanied with a leptin-mediated reduction of IFN-*γ* secretion in primary NK cells, but not in NK-92 cells (data not shown).

3.2. Real-Time PCR Analyses of Leptin-Incubated NK-92 Cells {#sec3.2}
-----------------------------------------------------------

To investigate the leptin effect on the mRNA expression of activating NK cell receptors, NK-92 cells were incubated in the absence or presence of 10 or 100 ng/mL leptin. The results show that incubation of NK-92 cells with 100 ng/mL leptin for 4 h or 24 h significantly decreased the Klrk1/NKG2D mRNA expression as well as the Ncr1/NKp46 mRNA expression, whereas expression levels of Ncr3/NKp30 mRNA were not influenced by leptin ([Figure 2](#fig2){ref-type="fig"}).

3.3. Dietary Intake and Anthropometric and Metabolic Parameters of Animal Experiments {#sec3.3}
-------------------------------------------------------------------------------------

The daily food intake of DIO rats was significantly lower compared to rats fed on a normocaloric diet. Due to the elevated energy content of the high-fat diet, total daily energy intake as well as the daily fat intake from fat was significantly increased in DIO rats. In contrast, DIO rats had a decreased energy intake from carbohydrates and proteins. The final body weight and visceral fat mass were significantly elevated in obese compared to the normal weight control group. The dietary intake and body weight changes were not influenced by tumor development. In addition, the visceral fat mass in AOM-treated control rats was decreased compared to NaCl-treated controls. Concentrations of triacylglycerol and total cholesterol showed no differences between the groups. In contrast, LDL cholesterol was significantly increased in serum of DIO rats independent of tumor development. Furthermore, HDL cholesterol was reduced in NaCl-treated but not in AOM-treated DIO rats compared to corresponding normal weight control group ([Table 2](#tab2){ref-type="table"}).

3.4. Characterization of Tumor Development {#sec3.4}
------------------------------------------

As expected, no colon tumors were detected in NaCl-treated normal weight and DIO rats. Number, distribution, pathohistology, weight, and size of colon tumors after 37 weeks of AOM treatment are shown in [Table 3](#tab3){ref-type="table"}. Results demonstrate that more colon tumors had developed in AOM-treated DIO rats compared to normal weight control rats. In control rats, 50% of the tumors were located in the proximal part of the colon and 50% were located in the distal colon. Furthermore, 50% of all colon tumors were adenomas and 50% were carcinomas in normal weight control rats. In contrast, 33.3% of the tumors were located in the proximal colon and 66.6% were located in the distal part of the colon and 11% of all colon tumors were adenomas and 88.9% were carcinomas in DIO animals. The data also demonstrate a higher tumor size and tumor weight in DIO rats compared to the lean control group ([Table 3](#tab3){ref-type="table"}). [Figure 3](#fig3){ref-type="fig"} illustrates representative macroscopic observations of normal colon tissue, colorectal adenoma, and colorectal adenocarcinoma from AOM-treated normal weight rats (Figures [3(a)](#fig3){ref-type="fig"}--[3(c)](#fig3){ref-type="fig"}) and DIO rats (Figures [3(d)](#fig3){ref-type="fig"}--[3(f)](#fig3){ref-type="fig"}), as well as representative histopathology of normal colon tissue, colorectal adenoma, and colorectal adenocarcinoma (Figures [3(g)](#fig3){ref-type="fig"}--[3(i)](#fig3){ref-type="fig"}). No tumor metastases in secondary organs were detected macroscopically in the animals.

3.5. Analysis of Plasma Cytokines {#sec3.5}
---------------------------------

Plasma leptin concentration was slightly elevated in DIO rats compared to normal weight rats (*P* = 0.06; [Figure 4](#fig4){ref-type="fig"}). In addition, the plasma levels of the proinflammatory cytokines TNF-*α* and IL-1*β* were higher in DIO rats compared to normal weight rats, with significant differences in IL-1*β* concentrations (Figures [4(b)](#fig4){ref-type="fig"} and [4(c)](#fig4){ref-type="fig"}). Results of leptin, TNF-*α*, and IL-1*β* concentrations appeared to be independent of AOM treatment. Furthermore, plasma concentration of IL-10 was reduced in NaCl-treated but not in AOM-treated DIO rats compared to the corresponding lean control group. Normal weight rats treated with AOM had significantly lower IL-10 plasma levels compared to the normal weight NaCl-treated group ([Figure 4(d)](#fig4){ref-type="fig"}).

3.6. Subset-Specific Alterations of Blood Leukocytes {#sec3.6}
----------------------------------------------------

Results of FACS analyses revealed no significant differences in the percentage of B lymphocytes, monocytes, and NK cells as well as of total T lymphocytes (Figures [5(c)](#fig5){ref-type="fig"}, [5(d)](#fig5){ref-type="fig"}, [5(e)](#fig5){ref-type="fig"}, and [5(k)](#fig5){ref-type="fig"}). In contrast, significant changes were observed in T lymphocyte subsets: two-way ANOVA analyses revealed that DIO rats showed a significantly decreased level of T helper cells (CD4+) and an enhanced level of cytotoxic T cells (CD8+). In NaCl-treated animals, this effect was significant; the CD4/CD8 ratio changed from 3.05 in normal weight control rats to 2.00 in DIO rats (Figures [5(f)](#fig5){ref-type="fig"} and [5(g)](#fig5){ref-type="fig"}). In contrast, no significant differences were observed in levels of T helper cells or T helper cells comparing AOM-treated normal weight (CD4/CD8 ratio: 2.69) and DIO rats (CD4/CD8 ratio: 2.31). Different frequencies of CD4+ and CD8+ T lymphocytes in normal weight and obese control rats are demonstrated in exemplary FACS plots (Figures [5(h)](#fig5){ref-type="fig"} and [5(i)](#fig5){ref-type="fig"}). In addition, the NKT cell number was increased in AOM-treated lean animals compared to the NaCl-treated normal weight group ([Figure 5(j)](#fig5){ref-type="fig"}). Exemplary FACS plots demonstrate these changes in NKT cell frequencies comparing normal weight and DIO rats (Figures [5(l)](#fig5){ref-type="fig"} and [5(m)](#fig5){ref-type="fig"}). Furthermore, DIO rats showed a significantly elevated blood NKT cell number compared to normal weight rats after NaCl treatment but not after AOM treatment ([Figure 5(j)](#fig5){ref-type="fig"}).

3.7. Immunohistochemical Analyses {#sec3.7}
---------------------------------

Results of the immunohistological staining of tissue NK cells demonstrated decreased numbers of NK cells in liver and spleen of DIO rats compared to normal weight rats, with significant changes in the spleen (Figures [6(a)](#fig6){ref-type="fig"} and [6(b)](#fig6){ref-type="fig"}). Changes in tissue NK cell numbers were illustrated in representative sections of liver tissue (Figures [6(c)](#fig6){ref-type="fig"} and [6(d)](#fig6){ref-type="fig"}) as well as in splenic tissue (Figures [6(e)](#fig6){ref-type="fig"} and [6(f)](#fig6){ref-type="fig"}).

3.8. Molecular Investigations of Splenic and Hepatic Tissue {#sec3.8}
-----------------------------------------------------------

To analyze the expression of activating NK cell receptors in spleen and liver, real-time RT-PCR was performed. In splenic tissue, expression levels of the activating receptors Klrk1/NKG2D and Ncr1/NKp46 were significantly lower in DIO rats treated with NaCl or AOM compared to the appropriate control group (Figures [7(a)](#fig7){ref-type="fig"} and [7(b)](#fig7){ref-type="fig"}). Furthermore, AOM treatment resulted in a significantly elevated Ncr1/NKp46 expression in normal weight rats but not in DIO rats ([Figure 7(b)](#fig7){ref-type="fig"}). Two-way ANOVA analyses revealed that Klrk1/NKG2D and Ncr1/NKp46 expression was significantly reduced in DIO rats compared to normal weight rats (Figures [7(a)](#fig7){ref-type="fig"} and [7(b)](#fig7){ref-type="fig"}). No significant changes between the groups were observed in expression levels of Ncr3/NKp30 ([Figure 7(c)](#fig7){ref-type="fig"}).

To evaluate tissue-specific gene expression levels, we further analyzed the expression of activating NK cell receptors in liver tissue. In contrast to the spleen, the Ncr1/NKp46 and Klrk1/NKG2D expression in the liver did not differ between all groups (Figures [7(d)](#fig7){ref-type="fig"} and [7(e)](#fig7){ref-type="fig"}). Obese NaCl-treated control rats had a significantly decreased Ncr3/NKp30 expression compared to the normal weight group, whereas no changes were observed comparing the AOM-treated animal groups ([Figure 7(f)](#fig7){ref-type="fig"}). Two-way ANOVA analyses revealed that the expression of Ncr3/NKp30 was significantly decreased in DIO groups compared to the lean animal groups ([Figure 7(f)](#fig7){ref-type="fig"}).

4. Discussion {#sec4}
=============

Several studies demonstrated that obesity is associated with higher incidence and mortality rates for colon cancer \[[@B26]\]. Obesity is also associated with impaired immune functions. Beside the high amount of M2 macrophages secreting proinflammatory cytokines and an increase of proinflammatory T cells, neutrophils, and mast cells, the functionality of NK cells is disturbed in obese individuals \[[@B15], [@B17], [@B27]\]. As NK cells play an important role in identifying and killing tumor cells, we hypothesized that impaired NK cell functions may be one cause for the higher colon cancer risk in obesity.

Several former studies had already demonstrated that leptin influences NK cell cytotoxicity using different cell types as target cells \[[@B15], [@B24], [@B30]--[@B32]\]. Until now, no data existed about a leptin-mediated regulation on cytotoxic effects of NK cells against colon tumor cells. Results of the present investigations provide first evidence for a leptin-mediated decrease of cytotoxic activity of NK cells when they are coincubated with colon cancer cells. These results were found in NK-92 cells as well as in primary NK cells. Interestingly, the leptin-induced reduction of cytotoxicity was associated with a decreased IFN-*γ* secretion of primary NK cells but not of NK-92 cells. Furthermore, the data demonstrated that the basal lytic activity against colon cancer cells was significantly lower in NK-92 cells compared to primary NK cells. The NK-92 cell line exhibits phenotypical and functional characteristics of primary NK cells and is a well-established human cell line for investigations on NK cell physiology \[[@B28], [@B29]\]. However, our data elucidate that the application of findings on immortalized cell lines to primary cells freshly isolated from a metabolically defined milieu is quite limited. In contrast to our data of the cytotoxicity-reducing effect of leptin, several studies demonstrated that leptin increases the cytotoxic activity of NK cells \[[@B15], [@B24], [@B30], [@B31]\]. However, all these studies were performed using the human myelogenous leukemia line K652 or the murine lymphoma cell line YAC-1 as target cells but not on colon cancer cell lines. Therefore, the conflicting results of the leptin effect on the lytic activity of NK cells may result from the use of different tumor target cells for cytotoxicity assays as it was already demonstrated by Lamas et al. \[[@B32]\].

In addition to the decreasing leptin effect on IFN-*γ* secretion and cytotoxicity of NK cells, our results showed that leptin incubation also led to a reduced mRNA expression of the activating NK cell receptors NKp46 and NKG2D. Consequently, it can be assumed that leptin mediates the impaired NK cell activity against colon tumor cells via downregulation of activating NK cell receptors.

Beside leptin, concentrations of several metabolites, like glucose, insulin, and other adipocytokines, are changed in obese individuals and may also affect NK cell cytotoxicity. For example, earlier studies demonstrated that the adipocytokine adiponectin also influences NK cell function, although results were conflicting \[[@B16], [@B33], [@B34]\]. In addition, insulin-like growth factor 1 (IGF-1) was shown to modulate NK cell development and cytotoxicity \[[@B35]\]. Therefore, further studies are required to investigate the effects of other single obesity-related metabolites as well as adipocyte-conditioned medium as a mixture of components secreted by adipocytes on NK cell function to specify the meaning of obesity-related metabolites in influencing NK cell activity.

Obesity is associated with increased plasma leptin concentrations compared to normal weight individuals \[[@B22], [@B23]\]. Therefore, in our in vitro studies, leptin concentrations of 10 or 100 ng/mL were used to simulate physiological as well as pathologically elevated leptin concentrations in obesity. The results show that the inhibiting leptin effect on NK cell cytotoxicity as well as on expression of activating NK cell receptors reached significance solely using high leptin concentrations, like one would find in an obese condition. Studies in rodents and humans demonstrated that NK cell cytotoxicity in obesity was associated with higher serum leptin levels \[[@B14], [@B16], [@B18]\]. These data indicate that increased leptin concentrations in obesity leading to a reduced NK cell cytotoxicity may be one cause for the impaired tumor defense and increased tumor incidence in obese individuals. Results of this study also demonstrate that the decreased NK cell cytotoxicity by leptin is associated with a reduced IFN-*γ* secretion. Thus, leptin not only inhibits the direct lysis of target cells but also influences the antiviral and antitumor action by reducing the IFN-*γ* secretion of NK cells. As plasma and adipose tissue concentrations of proinflammatory cytokines, like IFN-*γ* and TNF-*α*, are elevated in obesity \[[@B36], [@B37]\], the leptin-mediated decrease of IFN-*γ* secretion by NK cells may be a local effect occurring in regions of NK cell defense against tumor cells. In this study, IFN-*γ* secretion was analyzed using NK cells incubated in medium containing 200 U/mL IL-2. Further studies using a more enhanced stimulation of NK cells by higher doses of IL-2 or the addition of IL-12, IL-15, or IL-18 as well as analyses of other cytokines released by NK cells after leptin incubation could complement the knowledge of the leptin effect on NK cell cytokine secretion.

To investigate the relevance of a disturbed NK cell functionality for the higher colon cancer risk in obesity, we performed an animal study using normal weight and diet-induced obese rats treated with AOM. Feeding a high-fat diet resulted in significantly elevated body weight and fat mass in the obese animals. The increase of the proinflammatory plasma cytokines TNF-*α* and IL-1*β* as well as the decrease of the anti-inflammatory plasma cytokine IL-10 displayed the low-grade inflammation status which is well known in obesity \[[@B38]\]. It is known that IL-1*β* inhibits maturation and functionality of NK cells \[[@B39], [@B40]\]. In addition, IL-10 was shown to increase NK cell proliferation, cytotoxicity, and cytokine secretion \[[@B41], [@B42]\]. Therefore, the higher IL-1*β* plasma concentrations and lower IL-10 plasma levels in obese animals found in this study may contribute to a suppression of NK cell killing activity against tumor cells and thereby the increased colon cancer incidence in obese rats.

Analyzes of the tumor development demonstrated that obese rats treated with AOM had a higher number, size, and weight of colon tumors and a higher rate of adenocarcinomas than adenomas. These data again confirm the elevated colon cancer risk and severity in obesity \[[@B9]\].

Results of this study showed that plasma leptin concentrations tended to be increased in obese AOM-treated rats compared to normal weight AOM-treated rats. With the knowledge of the inhibiting leptin effect of NK cell cytotoxicity against colon cancer cells especially in using leptin concentrations, it can be assumed that elevated plasma leptin levels in obese animals lead to a decrease of NK cell function which consequently may be one cause for the higher colon cancer risk and severity in obese rats.

Analyzing the blood leucocyte subset population, we found a decreased CD4/CD8 ratio in obese control rats compared to normal weight control rats. Previous studies provided conflicting results regarding T cell subpopulations in obesity \[[@B43]--[@B45]\]. CD8+ T cells are involved in initiating inflammatory cascades and maintenance of inflammatory response in obese adipose tissue \[[@B45]\]. The increase of CD8+ T cells in DIO rats probably plays a pathogenic role in the development of the obesity-associated inflammation. Interestingly, the CD4/CD8 ratio was not different comparing AOM-treated lean and obese rats. Obviously, the metabolic changes in tumor status prevented the shift of T helper cells to a higher number of cytotoxic T cells in obesity.

The reported role for NKT cells in obesity is controversial as other studies demonstrated no changes or a reduction of NKT cells in obese individuals \[[@B46], [@B47]\]. Our data show that the number of NKT cells was increased in AOM-treated normal weight animals compared to the NaCl-treated normal weight control group. Interestingly the NKT cell number was increased in the obese control group, but DIO rats failed to increase the circulating NKT cell number after AOM treatment. These results indicate an impaired NKT cell-mediated tumor-defending immune reaction in obesity.

In accordance with other investigations, the number of tissue NK cells in liver and spleen was reduced in DIO rats compared to lean animals in our study \[[@B31], [@B48], [@B49]\]. In addition, the mRNA expressions of the activating NK cell receptors NKG2D and NKp46 were significantly decreased in splenic tissue of obese animals. The NKp46 receptor mRNA expression was higher in AOM-treated lean rats compared to NaCl-treated lean rats. In contrast, DIO animals failed to react with an increase of the NKp46 receptor expression after AOM treatment. These data indicate an impaired NK cell activity against target cells in obesity. Interestingly, NK cell receptor expression pattern was different comparing splenic and liver tissue. These results demonstrate clear tissue-specific differences in NK cell characteristics. Nevertheless, with regard to the results of a decreased NKp46 and NKG2D receptor expression in NK-92 cells after leptin incubation, it can be assumed that the slightly increased plasma leptin levels in rats may contribute to the decreased mRNA expression of the activating NK cell receptors in spleen or liver of obese animals. This may be associated with a reduced defense of NK cells against tumor cells, resulting in a higher colon tumor risk. Further in vitro and in vivo studies are necessary to investigate the effects of leptin and other adipocytokines on the expression of activating NK cell receptors and involved leptin-mediated signaling cascades to influence NK cell activity.

In addition, future investigations have to analyze the NK cell receptor expression specifically in colon tumor tissue to compare the activation status of NK cells in normal weight and obese individuals in terms of direct cellular tumor defense and consecutive tumor development. In addition, investigations with normal weight and obese patients contracted or noncontracted to colon carcinoma have to be performed to characterize blood and tumor tissue NK cell activity in relation to BMI in human individuals.

Several studies demonstrated that weight loss in obesity was associated with a reduction of colon cancer incidence and mortality \[[@B50]--[@B52]\]. In addition, investigations provided evidence that impaired NK cell activity in obesity can be improved by reduction of fat and energy intake, weight stability, and weight loss after bariatric surgery or a moderate dietary and exercise program \[[@B20], [@B21], [@B53]--[@B56]\]. Therefore, prevention of overweight and fat mass reduction in obesity by physical training or caloric restriction can attenuate the colon cancer risk by improving the NK cell functionality.

The relevance of NK cells in the defense against colon tumor development has been well investigated \[[@B57], [@B58]\]. Mori et al. revealed evidence that the decreased NK cell function in obesity was associated with a more serious tumor development \[[@B59]\]. Accordingly, the results of the in vitro and in vivo investigations of this study indicate a clear association of the disturbed NK cell functionality and the higher colon tumor risk in obesity for the first time.
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![Cytotoxicity assay (a--c) and IFN-*γ* secretion (d--f) of NK-92 or primary NK (pNK) effector cells \[E\] against DLD-1 colon tumor cells target cells \[T\]. (a) Cytotoxicity assay of unstimulated NK-92 cells and unstimulated pNK cells. (b and c) Cytotoxicity assay of NK-92 cells or pNK cells after leptin incubation with 10 ng/mL (L10) or 100 ng/mL (L100) leptin for 72 h. Values are expressed as means ± SEM of at least three individual experiments with each *N* = 3-4 well. (d) Interferon--*γ* (IFN-*γ*) secretion of unstimulated NK-92 cells and unstimulated pNK cells. (e and f) IFN-*γ* secretion of NK-92 cells or pNK cells after leptin incubation. Values are expressed as means ± SEM at least in three individual experiments. ^*∗∗*^*P* \< 0.01 and ^*∗∗∗*^*P* \< 0.001, NK-92 cells compared to pNK cells; ^§^*P* \< 0.05, ^§§§^*P* \< 0.001, control group versus L10; ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01, and ^\#\#\#^*P* \< 0.001, control group versus L100.](JNME2017-4297025.001){#fig1}

![Influence of leptin on the mRNA expression of the activating NK cell receptors Klrk1/NKG2D (a, d), Ncr1/NKp46 (b, e), and Ncr3/NKp30 (c, f). NK-92 cells were incubated in the absence or presence of 10 ng/mL (L10) or 100 ng/mL (L100) leptin for 4 h (a--c) or 24 h (d--e). Results are expressed as the mean ± SEM fold-change compared to control cells, from three individual experiments with each *N* = 4 well. ^*∗*^*P* \< 0.05, ^*∗∗*^*P* \< 0.01, and ^*∗∗∗*^*P* \< 0.001 compared to control cells.](JNME2017-4297025.002){#fig2}

![(a--f) Macroscopic observation of normal colon tissue, colorectal adenoma, and colorectal adenocarcinoma from azoxymethane- (AOM-) treated normal weight rats (a--c) as well as diet-induced obese (DIO) rats (d--f). (g--i) Representative histopathology of healthy colon tissue (g), colorectal adenoma (h), and colorectal adenocarcinoma ((i) scale bar, 100 *μ*m).](JNME2017-4297025.003){#fig3}

![Plasma concentrations of leptin (a), TNF-*α* (b), IL-1*β* (c), and IL-10 (d) of normal weight \[Co\] and obese rats \[DIO\] treated with NaCl or azoxymethane (AOM). Data are expressed as mean ± SEM of *n* = 11--14 animals per group. ^\#^*P* \< 0.05 compared to NaCl-treated control group; ^*∗*^*P* \< 0.05, compared to appropriate control group. ^§^*P* \< 0.05, two-way-ANOVA, normal weight control groups compared to DIO groups.](JNME2017-4297025.004){#fig4}

![Exemplary FACS plots and frequencies of different leukocytes subset populations in peripheral blood of normal weight \[Co\] and obese \[DIO\] rats treated with NaCl or azoxymethane (AOM). Total T lymphocytes (a, c), monocytes (b, d), B lymphocytes (a, e), NKT cells (j, l, m), and NK cells (k, l, m) are demonstrated as percentage of peripheral blood mononuclear cells (PBMCs). NK cells are represented by cells with CD161a^bright^ and CD3^−^ expression and denoted with NK cells (green colored population). CD4+ T lymphocytes (f, h, i) and CD8+ T lymphocytes (g, h, i) are illustrated as percentage of total T lymphocytes. Differences in frequencies of CD4+ and CD8+ T lymphocytes (h, i) as well as differences in NKT cell frequency (l, m) in normal weight (h, l) and obese rats (i, m) are exemplary demonstrated. Data are expressed as mean ± SEM of *n* = 11--14 animals per group. ^\#^*P* \< 0.05 compared to NaCl-treated control group; ^*∗*^*P* \< 0.05, compared to appropriate control group. ^§^*P* \< 0.05, ^§§^*P* \< 0.01, two-way-ANOVA, normal weight control groups compared to DIO groups.](JNME2017-4297025.005){#fig5}

![Numbers of NK cells in liver (a) and spleen (b) of normal weight \[Co\] and obese \[DIO\] rats treated with NaCl or azoxymethane (AOM). Data are expressed as mean ± SEM of *n* = 5 animals per group. ^§^*P* \< 0.05, two-way-ANOVA, normal weight control groups compared to DIO groups. (c--f) Representative immunohistological detection of NK cells in liver tissue (red colored (c), (d)) and splenic tissue (blue colored; (e), (f)) in normal weight and obese rats treated with AOM (scale bar, 100 *μ*m).](JNME2017-4297025.006){#fig6}

![Splenic (a--c) and hepatic (d--f) mRNA expression of the NK cell activating receptors Klrk1/NKG2D (a, d), Ncr1/NKp46 (b, e), and Ncr3/NKp30 (c, f) in normal weight \[Co\] and obese \[DIO\] rats treated with NaCl or azoxymethane (AOM). Data are expressed as mean ± SEM of *n* = 11--14 animals per group. ^\#^*P* \< 0.05 compared to NaCl-treated control group; ^*∗*^*P* \< 0.05, ^*∗∗*^*P* \< 0.01, and ^*∗∗∗*^*P* \< 0.001, compared to appropriate control group. ^§^*P* \< 0.05, ^§§§^*P* \< 0.001, and two-way-ANOVA, normal weight control groups compared to DIO groups.](JNME2017-4297025.007){#fig7}

###### 

Characteristics of the specific primers used for real-time RT-PCR analysis.

  Gene                       Protein      Species   Sequence                     bp    NCBI reference
  -------------------------- ------------ --------- ---------------------------- ----- ----------------
  Actb                       Beta-actin   Human     Fw: GACGACATGGAGAAAATCTG     131   NM_001101
  Rv: ATGATCTGGGTCATCTTCTC                                                             
  Ppia                       CypA         Rat       Fw: GTGTTCTTCGACATCACG       92    NM_017101
  Rv: TGTCTGCAAACAGCTCGAAG                                                             
  Klrk1                      NKG2D        Rat       Fw: TTAATGAGAACAAAGCCTGG     199   NM_133512
  Rv: GTTAACTCGTTGGGTGATAG                                                             
  Klrk1                      NKG2D        Human     Fw: AGGACAAAATGACCAAAGAC     135   NM_007360
  Rv: CTTGGGGATATCTGAATTGC                                                             
  Ncr1                       NKp46        Rat       Fw: AGACCCTGTTTCTTCTCTTG     197   NM_057199
  Rv: TGAGCTTCTCATGATCCTTC                                                             
  Ncr1                       NKp46        Human     Fv: CAGAAATGTATGACACACCC     119   NM_001145457
  Rv: CTTGAGCAGTAAGAACATGC                                                             
  Ncr3                       NKp30        Rat       Fw: AAGAGCCTCCTCAACAAG       94    NM_181822
  Rv: AGAAAGCTGAGGGCATAG                                                               
  Ncr3                       NKp30        Human     Fw: ATATGCCAAATCTACTCTCTCC   200   NM_001145466
  Rv: TCTGATCCTTCCCATTTCTC                                                             

###### 

Anthropometric, nutritional, and metabolic data in normal weight (control) or diet-induced obese (DIO) rats treated with NaCl or azoxymethane (AOM).

                                           Control        DIO              Two-way ANOVA                               
  ---------------------------------------- -------------- ---------------- --------------------- --------------------- -------------
  *Anthropometric indices*                                                                                              
   Body weight (g)                         700.4 ± 25.0   672.3 ± 33.7     810.1 ± 28.5^*∗∗*^    780.2 ± 38.5^*∗*^     0.0011^§§^
   Visceral fat mass (g)                   51.5 ± 5.0     34.7 ± 5.9^\#^   72.3 ± 7.6^*∗*^       64.1 ± 10.5^*∗*^      0.0009^§§§^
  *Daily dietary intake*                                                                                                
   Food intake (g)                         24.7 ± 1.6     99.6 ± 4.2       85.0 ± 5.0            20.3 ± 0.6^*∗*^       0.0041^§§^
   Total energy intake (kJ)                364.6 ± 23.4   350.8 ± 14.2     445.8 ± 26            444.5 ± 12.6^*∗∗*^    0.0007^§§§^
   Energy intake from carbohydrates (KJ)   240.7 ± 15.5   231.5 ± 9.2      102.6 ± 5.9^*∗∗*^     102.1 ± 2.9^*∗∗∗*^    0.0001^§§§^
   Energy intake from fat (KJ)             36.4 ± 2.5     35.2 ± 1.3       267.5 ± 15.5^*∗∗∗*^   267.1 ± 7.5^*∗∗∗*^    0.0001^§§§^
   Energy intake from proteins (KJ)        87.5 ± 5.4     84.1 ± 0.4       75.8 ± 4.6            75.8 ± 2.1            0.0237^§^
  *Metabolic parameters*                                                                                                
   Triacylglycerol (mmol/L)                2.4 ± 0.3      2.0 ± 0.2        2.8 ± 0.2             2.5 ± 0.3             0.1025
   Total cholesterol (mmol/L)              2.3 ± 0.2      1.9 ± 0.2        1.9 ± 0.1^*∗*^        2.0 ± 0.1             0.2738
   LDL (*μ*mol/L)                          258.6 ± 0.1    259.6 ± 1.0      359.3 ± 19.0^*∗∗∗*^   349.0 ± 19.0^*∗∗∗*^   0.0001^§§§^
   HDL (mmol/L)                            2.0 ± 0.1      1.7 ± 0.2        1.5 ± 0.1^*∗∗*^       1.5 ± 0.1             0.0045^§§^

All data are expressed as mean ± SEM of *n* = 11--14 animals per group. Data of kilocalories (kcal) are given in parentheses. ^\#^*P* \< 0.05, compared to NaCl-treated control group; ^*∗*^*P* \< 0.05, ^*∗∗*^*P* \< 0.01, and ^*∗∗∗*^*P* \< 0.001, compared to appropriate normal weight control; ^§^*P* \< 0.05, ^§§^*P* \< 0.01, and ^§§§^*P* \< 0.001, normal weight control groups compared to DIO groups.

###### 

Characterization of colon tumors in normal weight (control) or diet-induced obese (DIO) rats treated with azoxymethane (AOM).

                                    Control         DIO
  --------------------------------- --------------- ---------------
  *Tumor number and localization*                    
   Animals per group                12              11
   Total tumor number               6               9
   Proximal colon tumors            3               3
   Distal colon tumors              3               6
  *Tumor type*                                       
   Adenoma                          3               1
   Adenocarcinoma                   3               8
  *Tumor parameters*                                 
   Tumor size (mm^2^)^*∗*^          25.88 ± 12.87   47.72 ± 13.28
   Tumor weight (mg)^*∗*^           6.81 ± 4.79     14.53 ± 4.66

^*∗*^Data are expressed as mean ± SEM.
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